th birthday.
cytoplasmic membranes. It is stated by several researchers that especially monoterpenes will increase cytoplasmic membrane fluidity and permeability, disturb the order of membraneembedded proteins, inhibit cell respiration, and alter ion transport processes. For example, tea tree oil increases not only the leakage of K + ions from cells of S. aureus and E. coli, but also inhibits the cell respiration of both strains of bacteria [5, 12] . However, it is also known from the literature that sites of action other than the cytoplasmic membrane exist (see Table 1 ).
Essential oils are reported to differ in their biological activity against various bacterial species. Therefore, the question arises if all components of an essential oil are equivalent with respect to their antimicrobial activity. It seems of interest to find out which components are likely to contribute to the activity of a total essential oil and to determine any structural relationship between individual substances and their antibacterial activity.
Essential oils are preferably used topically to treat upper respiratory tract infections and mild skin infection. For this purpose essential oils are either inhaled or rubbed into the skin. In both cases essential oils and their components come in close contact to skin and mucous membranes, respectively. Former investigations using the HET-CAM assay as a model test system revealed evident irritating effects of different essential oils [21] . Based on this finding, the question is posed as to what extent the different essential oil components are involved in the irritation process. Therefore, the test compounds were also investigated for their irritation potential. In addition, minimum inhibitory concentration and irritation threshold concentration should be compared to each other in order to identify substances with high antibacterial activity together with a low irritation potential.
Antibacterial activity
A selection of structurally diverse essential oil components was subjected to antibacterial screening against the Gram-positive bacteria Staphylococcus aureus and Streptococcus pneumoniae as well as the Gram-negative bacteria Escherichia coli and Haemophilus influenzae in order to investigate Table 2 . The compounds are listed according to their chemical structure and in correlation to their octanol-water partition-coefficient (log P).
Monoterpenes: Among the group of monoterpenes, the acyclic and monocyclic hydrocarbons myrcene and limonene and the aromatic hydrocarbon p-cymene exhibited the weakest antibacterial activity against S. aureus, S. pneumoniae and E. coli (MIC 0.5->1%). In contrast, the bicyclic monoterpene hydrocarbon α-pinene was active against S. aureus, S. pneumoniae and H. influenzae at MIC values of 0.03-0.25%. The relatively good antibacterial activity of α-pinene against three out of four bacterial species tested may be based on an interaction with the cytoplasmic membrane. Recently, α-pinene was reported to affect the structural and functional properties of artificial membranes. Beside other monoterpene hydrocarbons, α-pinene permeabilized the membranes and inhibited respiratory enzymes [23] .
The introduction of either a hydroxyl or carbonyl function into the monoterpene C-skeleton led clearly to an increase in the antibacterial activity in the following ascending order: Ketones < aldehydes < alcohols < phenols. For example, in contrast to the acyclic hydrocarbon myrcene (MIC 0.5->1%) the acyclic monoterpene alcohols geraniol, nerol, citronellol and linalool, as well as the acyclic monoterpene aldehydes citral and citronellal were highly active towards all test bacteria (MIC 0.016-0.25%), with the exception of E. coli (MIC 0.5->1). The same was evident for carvone (MIC 0.06-0.5%) and carveol (MIC 0.03-0.25%) in contrast to their corresponding hydrocarbon limonene (MIC 0.13->1). Myrtenol, a cyclic alcohol with an exocyclic OH-group and myrtenal, the corresponding aldehyde, which are structural analogues of α-pinene, were the most active non-aromatic monoterpenes (MIC 0.008-1%). The increase of the antibacterial activity in correlation to functional groups could also be demonstrated for p-cymene (MIC 0.25->1%), its corresponding aldehyde cuminal (MIC 0.03->1%) and the phenols carvacrol (MIC 0.016-0.13%) and thymol (MIC 0.008-0.13%). In contrast, all monoterpene ketones tested revealed a lower activity against the test organisms compared to alcohols and aldehydes. This finding was in good agreement with similar results of Griffin and co-workers [24] . Geraniol and nerol, two geometric isomers, exhibited only slight differences in their antibacterial activity pointing to the fact that geometric isomerism seems to have only a minimal influence on the antibacterial effect of the corresponding compounds (see also [24] ).
Among the monoterpenes tested, the phenols thymol and carvacrol revealed the highest antibacterial activity inhibiting the growth of all test bacteria. The monoterpene phenols, as well as the monoterpene alcohols, exhibited bactericidal rather than bacteriostatic activity. Both types of monoterpenes are known to influence the oxygen uptake as well as the oxidative phosphorylation of bacteria significantly stronger in comparison to monoterpene aldehydes, ketones and hydrocarbons. In addition, phenols are known for their membrane-disturbing activities, as well as cell lysis [4, 15, [22] [23] [24] [25] . Monoterpene alcohols are thought to act either as protein denaturing agents or as dehydrating agents [4] . The relatively good antibacterial effects of monoterpene aldehydes may be retraced to the electronegative feature of the aldehyde group. It is assumed that aldehydes may interfere with biological processes in bacterial cells such as electron transfer or binding to molecules like proteins and nucleic acids. All the molecular interactions mentioned above result in an inhibition of bacterial growth [4, 24] .
Sesquiterpenes:
The sesquiterpene hydrocarbons, as well as the sesquiterpene alcohols tested were inactive against E. coli (MIC >1%). Interestingly, S. aureus was also resistant to sesquiterpene hydrocarbons and the monocyclic sesquiterpene alcohol bisabolol. In contrast, the acyclic alcohols nerolidol and farnesol inhibited the growth of S. aureus (MIC 0.03-0.25%), S. pneumoniae (MIC 0.008-0.016%) and H. influenzae (MIC 0.25%). The reason for this discrepant behavior may be the cyclic structure of bisabolol, as well as the lack of one double bond in comparison to nerolidol and farnesol. Former investigations have demonstrated that the antibacterial activity of terpenoids is closely related to the saturated or unsaturated character of the compound tested [24] .
The relatively good antibacterial activity of farnesol and nerolidol corresponds very well with the mode of action reported currently. According to this, both compounds were responsible for K + ion leakage from S. aureus cells [5] .
Phenylpropanoids:
The phenylpropanoids used in the present investigation are aromatic compounds Antibacterial and irritation potential of essential oil components Natural Product Communications Vol. 1 (11) 2006 1007 based on a phenylpropene skeleton (C 6 -C 3 skeleton). Within the group of phenylpropanoids the most active substance was cinnamaldehyde with a MIC value of 0.016% for all species tested. With the exception of the phenol ether anethole, all phenylpropanoids tested exhibited a moderate to strong antibacterial activity (MIC 0.03-1%). The importance of the hydroxyl group in the aromatic ring structure is emphasized by the higher activity of eugenol against E. coli when compared to methyleugenol. The position of the double bond in the C-3 side chain was only relevant in comparison of anethole (1-propenyl-) to allylanisol (2-propenyl-). Whereas anethole was only active against H. influenzae, allylanisol exhibited good to moderate activity (MIC 0.06-1%) against all species tested. Remarkably, phenylpropanoids are the group of compounds that displayed the highest activity against E. coli, with the exception of anethole, allylanisol, and methyleugenol.
In contrast to eugenol and isoeugenol, cinnamic acid, cinnamaldehyde and cinnamyl alcohol are phenylpropenes with an oxidized side chain, but lacking a phenolic OH-group. It is noteworthy that the antibacterial activity of these compounds was equivalent to those of the allylphenol eugenol and the 1-propenylphenol isoeugenol, especially with respect to E. coli. The oxidized phenylpropenes reveal an amphiphilic feature that enhances the interaction with cytoplasmic membranes, membrane fluidity, proteins, and lipids, as well as with other vital molecules of the bacterial cell. Anisaldehyde exhibited also a good to moderate antibacterial activity (MIC 0.06-0.25%) supporting the assumption that aromatic aldehydes are powerful antimicrobial agents.
In most cases, MBC values were one to two serial dilution steps higher than MIC values, demonstrating a dose dependent effect. However, for some monoterpene alcohols and aldehydes, as well as phenolic substances, MIC values were equal to MBC values, indicating a bactericidal mode of action. To a certain degree the log P values can be correlated to the antibacterial activity. Substances with high log P and low water solubility, such as mono-and sesquiterpene hydrocarbons (log P 4-7), displayed a low antibacterial activity against S. aureus and E. coli. Compounds with log P values in the midrange (log P 2-3) showed a better activity to both species than the compounds with the lowest log P values (log P 1-2). S. pneumoniae and H. influenzae were also susceptible to the most lipophilic sesquiterpenes.
In conclusion, essential oils are complex mixtures of different compounds having diverse chemical structures, low molecular weights and, in most cases, strong antimicrobial activity. Against this background, it seems unlikely that there should be only one mechanism of action or that only one component should be responsible for the antimicrobial activity of essential oils. Beside the presence of either an alcoholic or phenolic OH-group or other activated oxygen-containing functional groups, the molecular size and steric structure, as well as the ratio of polar to apolar structural elements will influence the antibacterial activity of a given compound. For a broad spectrum of activity against both Gram-positive and Gram-negative bacteria, an amphiphilic character of the molecule and a small molecular size will be advantageous; for instance, only substances with a sufficient solubility in an aqueous medium will be able to penetrate through porins. Furthermore, functional groups that are activated by either electrophilic substituents or conjugated to an aromatic system seem to increase the biological activity due to the higher reactivity to nitrogen in proteins and nucleic acids. On the other hand, the chemical characteristics of the individual substances are not sufficient to explain their different growth inhibition activities against the different bacterial species. The differences in susceptibility of the four bacteria to the test substances in our studies may be due to variations in the cell wall structure, and lipid and protein composition of the cytoplasmic membrane, as well as in specific physiological processes. For Escherichia coli and Pseudomonas aeruginosa it has been shown that their outer membranes form a relatively hydrophilic barrier protecting the cytoplasmic membrane as well as the cytoplasm against the attack of lipophilic compounds. It has also been demonstrated that the permeabilization of the outer membrane (e.g. by EDTA) leads to an increased antibacterial activity of lipophilic substances. Additionally, efflux mechanisms contribute also to the resistance of these bacteria [13, 26] . The cell wall of Gram-positive bacteria consists of a multilayer peptidoglycan sacculus with embedded teichoic and lipoteichoic acids, which might be responsible for the higher activity of lipophilic substances against this kind of bacteria. In Streptococcus pneumoniae lipoteichoic acid is linked to autolytic enzymes that may be released after exposure to essential oils [2] . As autolysis occurs also in Haemophilus influenzae, which is Gram-negative, a similar mechanism may be responsible for its high susceptibility to the essential oil components tested. Therefore, the similar susceptibility pattern of both species to test compounds might be plausible.
Irritation threshold concentration (ITC)
Essential oils and their components are widely used topically on mucous membranes and skin, as they are part of numerous pharmaceutical preparations, such as inhalants, gargles, rinses, lozenges, ointments, creams and liniments for the treatment of mild respiratory tract disorders, oral mucositis, paradontitis, skin infections and musculoskeletal pain syndromes. Besides, they are used as perfumes and flavors in cosmetics and body care products. The major adverse effects for all these applications are either allergic skin reactions or direct toxicity. In the present investigation the test compounds were checked for their irritation potency determining their irritation threshold concentrations (ITC) in a modified HET-CAM assay. The results obtained are summarized in Figure1. Monoterpenes: Among all monoterpenes tested the hydrocarbons exhibited the lowest irritation potential with ITC values of 60-90%. Within this group the cyclic hydrocarbon limonene, which possesses an exocyclic methylene group, displayed the highest irritation potential (ITC 60%). In contrast, the aromatic monoterpene hydrocarbon p-cymene irritated the CAM only when applied undiluted. As observed in the antibacterial susceptibility tests, substances with an oxygen containing functional group also showed in the HET-CAM assay an increased activity in comparison to hydrocarbons. Antibacterial and irritation potential of essential oil components Natural Product Communications Vol. 1 (11) 2006 1009 Most of the oxidized monoterpenes can be ranked in the order ethers < aldehydes and ketones < alcohols < phenols. Among the oxidized monoterpenes tested the ketones carvone and verbenone, the phenols thymol and carvacrol, as well as the alcohols geraniol, linalool, nerol, myrtenol and citronellol clearly demonstrated the highest irritation potential, with ITC values of 10-20%. Comparison of ITC values of the aromatic monoterpenes p-cymene (ITC 100%) and its corresponding phenols thymol (ITC 15%) and carvacrol (ITC 10%) underlines the conclusion that an OH-function, introduced into an aromatic ring system, rises the irritant activity of an aromatic compound significantly. Considering the structural diversity of all monoterpenes tested, it is obvious that structural features other than oxygen functions may be relevant with regard to their irritation potential. For instance, the ketones menthone and thujone differ from carvone and verbenone by the lack of double bonds. The same is true for the monoterpene alcohol menthol in comparison to either myrtenol or geraniol. So, in some cases, the presence of double bonds in the C-skeleton of related compounds might influence their irritation potential decisively. On the other hand, isomerism, cyclic structures and the number of rings within the monoterpenes did not exert a remarkable influence on CAM irritation.
Sesquiterpenes:
All sesquiterpene hydrocarbons and sesquiterpene alcohols tested did not reveal any irritant effect, even when applied undiluted (results not shown). In contrast to the oxidized monoterpenes the apparent non-irritant property of sesquiterpene alcohols was surprising. This finding could be of therapeutic interest. For instance, camomile oil, a bisabolol-rich essential oil, is known for its antiinflammatory and wound healing properties.
Phenylpropanoids:
As observed with monoterpenes, phenols and alcohols displayed a very strong irritant effect on the CAM with ITCs of 15% or below. Notably, the alcohol 2-phenylethanol, which is biogenetically a phenylpropane, but has only a C-2 side chain, demonstrated the highest irritation potential among all the essential oil components tested (ITC 5%). In addition, phenols and alcohols, and the aromatic aldehydes cinnamaldehyde and anisaldehyde irritated the CAM also at relatively low concentrations of 25% and 15%, respectively.
Phenol ethers without a free phenolic OH-group showed a decreased irritation potential. Both methyleugenol and 4-allylanisole displayed ITCs of 45%, whereas the corresponding phenols eugenol and isoeugenol had an ITC value of 15%. In addition, the phenol ether anethole irritated the CAM only when applied undiluted. A change in the position of the double bond within the C-skeleton of the aryl side chain had different consequences for the irritant effects of the phenylpropanoids. No influence could be observed for eugenol and isoeugenol. In the case of the analogous phenol ethers 4-allylanisol and anethole, the change of the double bond's position decreased the irritation potential of anethole (ITC 100%) dramatically in contrast to 4-allylanisol (ITC 45%).
In conclusion, essential oil components, either inhaled or applied to the skin, act on cell membranes by means of their physicochemical properties and molecular size [23] [24] [25] . For that reason, all these substances may elicit adverse side effects, including irritation of eyes, mucous membranes and skin. Replacing animal testing (Draize-Rabbit-EyeIrritation-Test), the HET-CAM test system has been accepted by the German national regulatory authorities for classifying and labeling severe eye irritants [27] [28] [29] . With reference to that model system, we developed a modified HET-CAM assay to determine the irritation potential of non-severe eye and mucous membrane irritants, like essential oils and their components [21] . The chorioallantoic membrane is susceptible to the exposure of chemicals and usually reacts with vessel necrosis and subsequent bleeding. In the modified HET-CAM assay blood vessel hemorrhage is the ultimate endpoint of the reaction (see experimental). Using this model we were able to discriminate between essential oil components causing strong (ITC ≤20% essential oil component), moderate (ITC ≥25%) and slight or lack of irritation (ITC ≥70%). For instance, carvacrol and thymol are considered as skin and eye irritants [30, 31] , while bisabolol is registered as a non-hazardous agent [32] . Our HET-CAM assay indeed confirmed the irritant potency of carvacrol (ITC 10%) and thymol (ITC 15%). In contrast, bisabolol was categorized as non-irritant. Interestingly, some of the essential oil components, such as phenols, alcohols, aldehydes, and ketones, showed significant irritant properties (ITC≤ 25%) and, at the same time, a high antibacterial activity. This correlation may be due to the same or a similar mechanism of cytotoxicity of the test substances to both bacterial cells and cells of the chorioallantoic epithelium and vascular endothelium. Based on their amphiphilic character and ability to form hydrogen bonds, phenols and alcohols are able to interact with both membrane lipids and membrane-embedded proteins. Subsequently, these compounds interrupt the membrane integrity leading to leakage of intracellular substances, disruption of vital physiological processes and finally to cell death. The finding that, in most cases, phenols, alcohols, and aldehydes have a bactericidal action and not only a bacteriostatic effect, supports this assumption. In addition, the solubility of phenols and alcohols in aqueous medium is sufficient to reach the site of action, whereas the toxicity of hydrocarbons might be limited by their hydrophobicity. An exception is the good antibacterial activity of sesquiterpene hydrocarbons and alcohols on S. pneumoniae, in contrast to their classification as non-irritant in the HET-CAM assay.
For the topical application of essential oils on either human skin or mucous membranes, it would be advantageous to use oils containing substances that are antibacterially active at relatively low concentrations with simultaneously slight irritation potency, such as either camomile oil or peppermint oil [21] .
Experimental

Substances:
Apart from methyleugenol, all test substances and sodium dodecyl sulfate (SDS) were supplied by Fluka (Germany). Methyleugenol was synthesized according to [33] . The identity and purity of all test compounds were determined by GC-MS analysis. Native olive oil was purchased from Caelo (Hilden, Germany). Ultra heat-treated whipping cream was purchased from a local supermarket. 
GC-MS method: GC-MS
Broth microdilution method:
The antibacterial activity of essential oil components was tested with two Gram-positive and two Gram-negative bacterial strains by determination of the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) with a modified broth microdilution method, according to the German DIN regulation 58940-8 [35, 36] . Prior to testing, serial dilutions of the substances were prepared in physiological saline solution in 96-well-microtiter plates (Greiner bio-one, Frickenhausen, Germany) to obtain concentrations of 1.0 to 0.008% (v/v). Tween 80 or absolute ethanol (for solid substances) was used to solubilize the lipophilic compounds in the aqueous phase. The final Tween concentration in the test system did not exceed 0.5% (v/v). The maximum ethanol concentration was 5% (v/v) for S. aureus and E. coli, and 1.25% for H. influenzae and S. pneumoniae, respectively. A bacterial inoculum prepared in the appropriate nutrient broth was added to the wells of the microtiter plate so that a final colony count of about 5 x 10 5 cfu/mL was obtained. The bacterial count of the inoculum was determined with the spiral plater method (Spiral Systems, Cincinnati, USA). After 18-20 h of incubation at 37°C the MIC was determined as lowest concentration of the essential oil without visible bacterial growth (turbidity, precipitation). Each plate Antibacterial and irritation potential of essential oil components Natural Product Communications Vol. 1 (11) 2006 1011 included a growth control (Tween 0.5% or ethanol 5% and 1.25%, respectively) and a sterility control. For determination of the MBC, 10 µL from the wells without visible growth were transferred onto agar plates and incubated overnight at 37°C. The MBC was determined as the lowest concentration without bacterial growth on the agar plate.
HET-CAM-Irritation-Assay: Fresh and fertile hen eggs from Lohmann´s Selected White Leghorn hens were purchased from a local hatchery (LSL RheinMain, Schaafheim, Germany). A first incubation period of 72 hours at 37.8 ± 0.2°C and a relative humidity of 80 ± 5% was followed by a preparation process. The sharp end of the eggs was disinfected with 70% isopropanol. A small hole was drilled into the sterile area and about 5 mL of the albumin was aspired with a syringe. Subsequently, the hole was sealed with sticky tape. The egg shell at the blunt end was removed with a pair of tweezers, as far as possible, without damaging the yolk-sac, in order to uncover the developing chorioallantoic membrane (CAM). The eggs were covered and returned to the incubator for another 72 to 120 hours under the previously described conditions, to allow the CAM to develop to an appropriate size for testing. After seven, eight or nine days of incubation the prepared eggs were used for HET-CAM assay. After removing one egg from the incubator it was placed under a stereomicroscope (Motic Microscopes DM-143, Wetzlar, Germany) equipped with a digital camera (10 x magnification). A mixture of 50% ultra heattreated whipping cream in water was injected under the CAM to fade out the background. Subsequently, 50 µL of a solution of the test substance in native olive oil were applied to the CAM. The reaction of the capillary system was observed and documented by digital photography at different times within five minutes of application. The individual substances were tested in steps of 5% up to the irritation threshold concentration. Each concentration was tested at least on three separate eggs. The irritation threshold concentration (ITC) was determined as the lowest concentration of the test substance that caused the endpoint of severe hemorrhage on the CAM´s blood vessels within a maximum observation time of five minutes. The level of hemorrhage should be comparable to the reaction of the CAM to 0.5% aqueous SDS solution, which was used as a positive control. Native olive oil was used as a negative control.
